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有重要影响，双键不宜与磷酸酯中的 P=O 双键共轭。最后我们对 DMAP 和 DEAP
的性能做了具体研究，得出电解液含有 5% 的添加剂时具有良好的阻燃性能、电
导率性能，以及与 LiFePO4 和石墨材料的兼容性能。 
本论文中还开发了一种含有双键的新型磷酰胺双功能添加剂，N,N-二烯丙基
-二乙氧基磷酰胺（DADEPA）。该添加剂能够明显改善电解液的阻燃性能、电导
率性能、热性能，并且适量 DADEPA 的存在能够提高 Li/LiFePO4 电池在大倍率
条件下的电池容量，在 Li/石墨电池中也表现出了优异的性能。综合 DADEPA 对
以上各项性能的影响，该添加剂的优化添加量为 5%。进一步的实验表明添加剂
DADEPA较电解液溶剂EC能更早地在石墨表面还原，参与到形成 SEI层的过程，





























































The safety problem of Lithium-ion batteries remains the main obstruction to the 
applications in the electrification of vehicles and large-scale stationary power grid 
storages in recent years. A safer electrolyte system has been actively sought after, 
since the currently commercial electrolyte systems are based on highly flammable 
organic carbonate solvents. Among the efforts, flame-retardant additive is considered 
to be the most efficient and economical approach at present, which acts as “drop-in” 
ingredient at small concentrations without altering the main composition of 
electrolytes. Organic phosphorus compounds, which are known for excellent 
flame-retarding properties, are one of the most important representatives of this 
approach. Unfortunately, the presence of these additives was usually accompanied 
with compromise in cell performance, originating from their less-than-ideal SEI 
ability on graphitic anodes. An alternative way to mitigate the poor anode 
compatibility of phosphorus-based additives is the combined use of proper 
film-forming additives, e.g. VC and VEC. Besides, the thermal stability of the SEI 
layer is also closely related to the safety of the Li-ion batteries, whose decomposition 
is usually identified as the first step of the thermal runaway, therefore, it is important 
to improve the SEI thermal stability. However, only a few research reported focus on 
this concentration at present. 
In this work, we introduce a new approach to improve the compatibility of the 
phosphorus additives by grafting unsaturated double bonds onto the alkyl branches in 
phosphates. Firstly, a serious of phosphates that contain unsaturated double bond are 
designed and synthesized, such as diethyl vinylphosphonate (DEVP), diethyl 
acetylphosphonate (DEACP), diethyl allylphosphonate (DEAP) and dimethyl 
allylphosphonate (DMAP). Secondly, DMAP and DEAP are selected to be the 
possible modified fire-retardant additives for lithium ion batteries through the 
















Simultaneously, it is found that the position of the unsaturated double bond is closely 
related to the electrochemical performances of the additives, and it is better that the 
double bond is not conjugate with the P=O in phosphate. Lastly, further studies 
demonstrate that electrolyte with 5 % DMAP and DEAP, respectively, shows good 
fire-retardant ability, ionic conductivity and compatibility with both LiFePO4 cathode 
and graphite anode.  
Novel bi-functional phosphamide that contains unsaturated double bond, 
(N,N-diallylic-diethoxyl phosphamide, DADEPA), is also successfully developed and 
further studied in this work. With the addition of this additive, the fire-retardant 
ability, ionic conductivity and thermal stability of the electrolyte can be improved 
obviously. In addition, the compatibility between the DADEPA and electrode 
materials is also excellent when DADEPA is at an appropriate concentration. Taking 
all the performances above into account, the optimized concentration of this additive 
is 5%. Furthermore, this work shows a successful example demonstrating that thermal 
stability of solid electrolyte interphase (SEI) could be controlled by embedding it with 
phosphorus-containing ingredients. The suppression of exothermic process between 
the SEI film and the electrolyte under abusive conditions could then lead to a safer 
Li-ion battery system.  
In summary, proper modification of phosphate by grafting unsaturated double 
bonds onto its alkyl branches can greatly improve the overall performances of the 
phosphate additives, and DMAP and DEAP are just the successful examples of it. 
Moreover, detailed studies demonstrate that novel phosphamide DADEPA also 
exhibits excellent comprehensive performances, and it is a promising additive for 
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1.1 锂离子电池简介  
1.1.1 锂离子电池的发展历程 
早在 1958 年，美国加利福尼亚大学 W. Harris 首先在其博士论文中提出了锂
电池[4]。随后，美国国家航空航天局和国防部资助了很多锂电池研究工作，包






所有早期锂电池的成功鼓励人们去开发锂二次电池。1978 年，M. S. 
Whittingham 报道了以 TiS2 为正极材料，金属锂为负极的锂金属二次电池，并由

























池的安全性，同时大大降低了电池的成本。1990 年，日本 Sony 公司将两者结合，
成功开发出了 LiCoO2/C 摇椅锂离子电池。这一体系成为锂电池发展历史上的一











图 1-1. 锂离子电池的工作原理图[3] 
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